Hollow nanomechanical resonators represent a promising technique for particle spectrometry, as their design allows highly sensitive particle mass sensing in liquid environments by putting together the good mechanical behavior of a nanomechanical resonator vibrating in vacuum or gas environment with physiological compatibility of liquid environments for biological applications. Nevertheless, for real-world practical applications these sensors require not only a high mass sensitivity but also a high-throughput particle flow. In this work, we use a fast-response and low-cost hollow nanomechanical resonator which let us measure up to 10 particles per second. However, this unprecedented particle velocities brings new implications related to the entanglement between the mechanics and the microfluidics in this structure. We realized that the measured particle masses depend on the fluid velocity. The study of this phenomenon demonstrates the need to introduce a correction factor in mass sensing dependent on particle velocity.
INTRODUCTION
Nanomechanical sensors have demonstrated an extraordinary sensitivity in many different application areas ranging from biology to fundamental physics. The working principle is based on the measurement of the mechanical deflection of a flexible structure (static mode) or the measurement of the changes of the resonant frequency and/or mechanical quality factor when used as resonators (dynamic mode). In its dynamic mode, nanomechanical resonators have reached the ultimate limits both in mass sensing, where they have demonstrated single atom resolution [1] , and force sensing, detecting a signal corresponding to a single spin [2] . In both cases, the working principle is the same, an external stimulus such as a change of the resonator mass or spring constant shifts the resonance frequency. However, both applications require highly controlled conditions of ultra-high vacuum and cryogenic temperatures [3] . The performance of a dynamic mode nanomechanical sensor is ruined when operated in liquid environments, as a consequence of the viscous dragging forces and the added mass of the displaced fluid column [4] . Therefore, analyzing flowing particles under such conditions reduces the potential of this sensing technique regarding practical applications such as clinical assays. To overcome this problem, hollow nanomechanical resonators (HNMRs) were developed few years ago [5] allowing the measurement of liquid samples flowing inside the dynamic sensor while the resonator vibrates in a gaseous or vacuum environment. This design not only enhances the mass resolution by reducing drastically the viscous dragging forces and the effective mass of the resonator, but also makes easier and faster the particle delivery in the sensor, largely improving the measurement throughput.
HNMRs were first developed as hollow silicon cantilevers in the verge of the decade of 2010. Despite reaching a buoyant mass resolution of the order of 10 ag [6] , hollow cantilevers perform a slow particle velocity, which eventually results in a low particle flow rate, about 0.1 particles per second [7] . Moreover, the fabrication process of these sensors remains complex, costly and time consuming. In response to this concept, doubly-clamped fused silica capillary micro-tubes were proposed in previous works [8] as a simpler and inexpensive alternative for HNMRs, but, as a counterpart, they present a lower buoyant mass resolution than silicon hollow cantilevers, of about 100 pg [9] .
Since the liquid completely fills the resonator, this kind of sensors can be used for different applications, not only mass sensing. For example, HNMRs have also been used as pressure sensors in previous work [10] . It has been demonstrated that an increment of the static pressure of the fluid inside the channel is translated into an effective stiffness enhancement, which implies a resonance frequency positive shift.
In this work we use a fast response HNMR based on fused silica capillary microtube for particle mass sensing at high velocities (up to 50 mm/s, one order of magnitude higher than the state-of-the-art devices [11] ). The unprecedented velocities used to increase the particle flow rate translate into a buoyant mass difference depending on the transit velocity.
RESULTS AND DISCUSION

Experimental setup
We use a 500 μm long freestanding double clamped fused silica capillary microtube with 33±1 μm inner diameter and 44±1 μm outer diameter. Both ends of the capillary are connected to two reservoirs containing the liquid sample. These reservoirs are connected to a nitrogen pressure pump that allows a controlled pulseless flow inside the capillary by setting a well-defined pressure difference between both reservoirs (Fig.1 ). If this pressure difference is different from zero, the fluid moves from the high-pressure reservoir to the low-pressure one with a flow rate directly proportional to this pressure difference. The resonance frequency in the clamped area is measured by using a home-made optical system which allows realtime frequency tracking with 2 kHz sampling rate, while keeping a frequency stability lower than 1 Hz. Moreover, the dimensions of the capillary allow a high resonance 978-1-5386-8104-6/19/$31.00 ©2019 IEEE 2146
Transducers 2019 -EUROSENSORS XXXIII Berlin, GERMANY, 23-27 June 2019 frequency (589.898 kHz for the first flexural mode and 1536.03 kHz for the second flexural mode) which permits a response time of the order of 100 μs. The combination of the fast sampling rate, the high resonance frequency and the rapid response of the resonator let us perform mass sensing using high particle flow rates (up to 10 particles per second) while keeping a mass resolution of 1 pg. Please, note that this resonator is operated under conditions of room temperature and atmospheric pressure.
Figure 1: Schematic of the experimental setup. It consists of doubly clamped fused silica capillary microtube connected at both extremes to nitrogenpressurized reservoirs containing the liquid sample.
The mass sensitivity is calculated by using the Rayleigh approximation [12] , neglecting the stiffness term, the frequency shift is proportional to the added buoyant mass, m b , and the nth mode profile at the particle position, ψ n x 0 as shown in equation 1.
( 1 )
Real-time particle spectrometry
We measure the frequency shift in the first flexural mode caused by passing poly(methyl methacrylate) (PMMA) spherical microparticles of 12.5±0.3 μm diameter in aqueous suspension. The same particle population is measured several times while changing the applied differential pressure, which will give us different fluid velocities and, hence, different particle flow rates. The passing particle produces a dip in the time-tracked frequency measurement. The buoyant mass and the transit time are obtained from the gaussian-fitting of this dip. The amplitude of the gaussian fitting will give us the frequency shift, and from equation (1) the buoyant mass of the particle, while the full width at half maximum will provide the transit time. The velocity of the particles is straightforwardly obtained from transit time.
The results obtained reveal the buoyant mass deviation for the ensemble of measurements (Fig.2) increases with the transit velocity. This higher noise is due to the smaller transit time which leads to less accurate fittings of the data. Nevertheless, the average frequency shift shows a clear dependence on the differential pressure applied, with a mass difference of 17 pg (2.9 Hz) between the particles measured with a pressure difference of 45 mbar (average velocity, 23 mm/s) and those measured for 15 mbar pressure difference (5.4, mm/s average velocity). Considering that previous works have found hydrodynamic effects may produce a positive frequency shift in HNMR we proceed to study these effects in our device in order to elucidate whether this mass difference has a hydrodynamic cause. 
Flow rate effects on the measured resonance frequency
We study the effect of a liquid flowing inside the resonator. For this purpose, we initially begin with the capillary filled with ultra-pure water. Then, we measure the resonance frequency of the first and second flexural modes while the liquid flows through the resonator sweeping the differential pressure between both ends of the capillary. As soon as the pressure difference is set, the resonance frequency begins to change and it takes about 60 seconds to reach a stationary value. The frequency shift is measured once this steady state is reached. This relaxation time, 5 orders of magnitude higher than the response time of the resonator, is due to inertial effects in the liquid displacement. Figure 3 shows the measurements of the resonance frequency for the first two flexural modes. As it can be seen from Fig. 3 , the resonance frequency linearly increases as the pressure difference is augmented (and, consequently, the flow rate). This behavior suggests that the effective stiffness of the resonator increases with the velocity of the liquid flowing inside the capillary, being in a very good agreement with previous works in the literature done with static pressurized fluids [10] . By linear fit (dashed lines in Fig. 3) we found that the differential pressure sensitivity is of 40 Hz/bar for the first flexural mode and 79 Hz/bar for the second flexural mode in the capillary tube. As we stated before, we have a frequency stability of about 1 Hz, therefore, such measurements are almost two orders of magnitude over the system noise, indicating the goodness of our experimental characterization. Additionally, these results open the door for the utilization of these devices as flow rate sensors. 
Particle effects on liquid flow, simulations
We have proved that a moving fluid produces a positive frequency shift, nevertheless, this is not enough to explain a frequency difference as shown in Fig.2 . To shed light on whether the change in the flow inside the resonator caused by a particle may produce a positive frequency shift we perform simulations by finite element method (FEM). For this purpose, we simulate a stationary flow inside an infinite-length cylindrical tube with the same diameter as the channel inside our resonator containing a spherical hard sphere of a fixed diameter (D) at the middle point of the suspended region of the tube touching the capillary wall at one single point in order to mimic the experimental conditions we have observed, Fig. 4a . A pressure difference (∆ ) between the open boundaries of the tube is imposed as contour condition. The laminar flow profile established inside the tube is only altered at the vicinity of the particle (Fig.4a) . Near the particle, the flow velocity increases in order to keep the mass flow rate constant (Venturi effect). This local change in the velocity field and the pressure gradient is responsible for the frequency shift of the resonator.
This simple model allows the understanding of the interaction of the fluid and the particle with the inner wall in the resonator. It can be interpreted as the fluid exerting a net force in the tube in the direction perpendicular to the cylinder's symmetry axis (Fig.4a and Fig.4b) , as a consequence of the local perturbation of the velocity field. This applied force increases the local stiffness in the resonator wall at the position of the particle, shifting the resonance frequency of the whole capillary system to higher frequencies. This force, and thus this stiffness effect, is increased with the diameter of the particle and the applied differential pressure between both ends.
For a fixed pressure difference, the exerted force presents a cubic trend for small particles (D<18 µm), for bigger particles (whose diameter approaches the diameter of the tube) this force trends to a constant value (Fig.4c) .
Additionally, given a fixed particle diameter, this force depends on the pressure difference following a power law trend with a 3/2 exponent (inset Fig.4c ). As stated above, the effect of this local-applied force on the resonance frequency can be understood as a local stiffness increase at the position of the particle inside the resonator. The local stiffness effect we have proposed in these simulations can explain satisfactorily the mass difference found in the high-velocity particle spectrometry. Whereas the mass of the particle shifts the resonance to lower frequencies, the stiffness increment shifts the resonance of the tube to higher frequencies. Moreover, previous works on non-hollow nanomechanical resonators have investigated the effects of a local stiffness increase caused by the adsorption of a particle, concluding that this effect produces an underestimation of the measured mass if it is not taken into account [13] .
CONCLUSIONS
In this work we have investigated for the first time the dynamic effects of a flowing liquid inside a HNMR, demonstrating the flow rate changes the effective stiffness of the resonator. This fact not only demonstrates HNMR can be used as flow sensors but also states the necessity of introducing a correction in high-throughput particle mass sensing depending on flow rate.
The effect a particle causes in the flow inside the resonator was studied through finite element simulations showing how this flow perturbation produces a net force exerted on the wall of the resonator, which eventually produces a positive frequency shift. This force depends on the diameter of the particle and the pressure difference applied; hence, this positive frequency shift will increase directly with both parameters. The positive frequency shift, found in the simulations, opposes to the negative frequency shift caused by the effect of the mass of the particle, which leads us to the underestimation of the buoyant mass if the particle spectrometry is performed at high particle velocity.
This hydrodynamic effect has led us to a buoyant mass underestimation up to 17 pg (6% of the total buoyant mass) for the same particle population measured at different particle flow rates.
